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Abstract 
Coreflooding simulation experiments are used to predict the CO2 saturation by a Buckley-Leverett (BL) validated model. 
Based on the developed BL model, two models are generated: one without gravity (1-D model) and the other includes gravity 
(2-D model). Three parameters are heavily studied on 1-D and 2-D models to interpret the efficiency of the simulation of both 
models and to study their effect on CO2 saturation. The parameters are capillary end effect, flow rate, and fractional flow rate. 
It is proved that capillary end effect has a strong impact on CO2 saturation and must be used to get reliable coreflooding 
simulation results. This is conditioned by avoiding the use of small or zero capillary pressure in the core outlet which will 
result in overestimation of CO2 saturation.  
It is also found that high velocity injected fluid (Ca ≥ 3.9x 10-8; Ncv <  86; Ngv <  1.4x105)  provides more reliable 
saturation results. Accordingly, as the flow rate gets higher, the saturation profile along the core better matches the analytical 
solution; this is used as a reliable simulation saturation indicator. Furthermore, it is found that low CO2 fraction in the injected 
fluid (CO2 fraction ≤50% in 1-D and 2-D models) will provide more accurate saturation results when compared with the 
analytical solution. In addition, these core flooding simulation experiments demonstrate that gravity does not have a strong 
impact on the CO2 saturation distribution. Finally, to validate the reliability of coreflooding simulation experiments, simulation 
relative permeability curves are compared with the input relative permeability curves. Through this comparison it is evident 
that when CO2 fractions are less than 50 % and the mentioned capillary and gravity number conditions, both curves will have a 
better match. 
 
Introduction 
Climate change is mainly caused by the increasing concentrations of greenhouse gases such as carbon dioxide. The major 
factor that leads to increasing emissions of CO2 is the use of fossil fuels. Therefore, to diminish this phenomenon (climate 
change), reducing the concentration of CO2 in the atmosphere is needed to decrease greenhouse gas emissions. Carbon dioxide 
storage is one of the most important technologies for climate change mitigation. (IPCC, 2005) 
Depleting or abandoned oil and gas reservoirs and saline aquifers are potential locations for CO2 storage. Depleting or 
abandoned oil and gas reservoirs are available in regions like Texas in the US, the Middle East, Russia and Alberta in Canada. 
However, these reservoirs have three main shortcomings. The first one is that the available capacity is lower than the amount of 
CO2 emitted from large stationary sources. The second shortcoming is that the depleting reservoirs are not common all over the 
world. The third one concerns the depleting reservoirs as their capacities are accessible only when they are depleted or if CO2 
sequestration is combined with CO2-EOR. Thus, the storage of CO2 in depleting or abandoned oil and gas reservoirs is limited. 
Therefore, the large storage capacity of worldwide distributed saline aquifers makes them good locations to store CO2 captured 
from power generation stations and industrial sources, which are the chief sources of CO2 emissions. (IPCC, 2005; Kuo et al, 
2010) 
Injected CO2 brine displacement will be governed by the physics of multiphase flow because carbon dioxide and brine 
are immiscible under the conditions anticipated in geological sequestration reservoirs (1,000 to 3,000 m depth). In literature, 
there are numerous studies of multiphase flow of oil and brine in petroleum reservoirs, but what happens and the conclusions 
drawn from oil and brine systems may not be applicable to CO2 and brine systems since CO2 and oil have very different fluid 
properties. First, oil is much more viscous than CO2 which propagates much faster, so pressure gradients with CO2 will be 
much less than in an oil reservoir. Second, oil is somewhat denser than CO2; therefore, buoyancy forces will be less in an oil 
reservoir. (Kuo et al, 2010) 
Relative permeability is one of the major parameters in the study of multiphase flow in porous media. To date, very 
few measurements have been made to the CO2/brine systems (Bennion and Bachu, 2005). Multiphase flow properties of 
reservoir rocks are generally characterised using coreflood experiments. These experiments attempt to simulate a 1-D 
displacement so as to make the direct observation of multiphase flow (capillary pressure, relative permeability) possible. Many 
studies using these techniques claimed that they could identify significant influential factors on multiphase flow like viscosity 
ratios, interfacial tension, wetting properties, among others. Consequently, these factors affect CO2 storage because they vary 
widely under conditions relevant to injection in the subsurface. 
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However, a considerable number of the observed factors has not been tested again or contradicted in subsequent 
studies. It is possible that deficiencies in the coreflood experiment itself are behind the signal observed in the results. In this 
paper, reservoir simulation is used to revisit some of the reported observations in an attempt to ascertain the impact of the 
aforementioned factors on multiphase flow. The impact on CO2 storage is also evaluated. The main objectives of this paper are 
to develop a detailed simulation of a coreflood, then using this model to evaluate the impact of a number of well-known 
problematic aspects of corefloods including end effects, flow rates, fractional and gravity segregation on the results of 
coreflood experiments.  
Methodology 
Experimental Data 
CO2/Brine steady state multiphase flow experiments have been conducted at different range of fractional flow and total flow 
rates on several homogenous core samples. However, most published data in the literature was found to be for Berea sandstone.  
Hence, the data used in this study was obtained from laboratory experimental study for CO2/Brine system on Berea Sandstone 
by Perrin and Benson (2009) to build 1-D homogenous model; which will be as a basis for the subsequent work. Brine and CO2 
were injected into the core at a typical reservoir conditions (Pres = 12.4 MPa and Tres = 50
o
C). 
 
Simulation Method 
ECLIPSE reservoir simulation software provides numerical solutions for fast and accurate prediction of dynamic behavior for 
all types of reservoirs and degrees of complexity (Eclipse Reservoir Simulation Technical Description, 2010). Compositional 
and Blackoil simulations were examined to find the most suitable type to be used throughout this study. In this study, Blackoil 
simulation will be used as the multiphase flow simulator. 
 
Compositional Simulation: 
Compositional simulation with CO2STORE option was first used to study the brine/CO2 system. Then, the developed model 
was compared with the blackoil model, and it was found that both curves do not match as in Fig. 1. This is explained by 
miscibility of CO2 into brine. However, hence there is no clear keywords in order to turn off the miscibility impact in this 
model, compositional model will not be used in this study: 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Blackoil Simulation:  
 
 Initial and Boundary Conditions: 
The simulation temperature was held constant at 50
o
C and initial pore pressure is12.4 MPa; which is at reservoir conditions 
(Kuo et al, 2010). Prior to injection, all pore space is filled with brine, which has 10,067 ppm NaCl. When CO2 and brine 
injected into the core, the injected fluid will partially displace the brine. 
The simulation inlet boundary was held at a constant injection rate. The outlet boundary is a constant bottomhole pressure of 
Fig. 1—Compositional and blackoil models comparison 
Time, min 
C
O
2
 S
a
tu
ra
ti
o
n
 
Using Reservoir Simulation to Interpret Coreflood Experiments for CO2 Sequestration  3 
the production well. 
 
Relative Permeability Curves: 
The relative permeability relations used in the simulations are the following: 
 
             Kr,CO2 = (
1−Sw−SCO2,r
1−Swrn
)
 nCO2
 , Kr,w = (
S𝑤−Swr
1−Swr
)
 nw
                                                                                                           (1) 
                       
Sw is the average brine saturation, Swr is the residual bine saturation, SCO2,r is the residual CO2 saturation, and nw and nCO2 are 
the functional exponents for the brine and CO2 curves respectively. In this SCO2, r is set to zero in all simulation; since there is 
no CO2 in the core prior to injection, therefore, there are four free parameters in the relative permeability relations: Swr, Swrn, 
nw, and nCO2. (Kuo et al, 2010). Table 1 shows input parameter values for relative permeability curves fit. Fig. 2 shows the 
relative permeability fitted curve. 
  
 
 
 
Capillary Pressure Curve: 
The capillary pressure, Pc, used in this work is defined as follows: 
                Pc(Sw) =  σ√
φi
ki
 J(Sw)                                                                                                                                                    (2)                                                                                                                                                                 
 
J(Sw) is a modified J-function  (Kuo et al., 2010): 
                J(Sw) = A (
1
S∗
λ1
− 1) + B(1 − S∗
λ2)
1
λ2
⁄
                                                                                                                          (3)                
 
where                                                                     
                                                                                                        
 S∗ =  
Sw−SP
1−Sp
                                                                                                                                                                              (4) 
 
The parameters (A,B,λ1,λ2,Sp) , as in Table 2, are calculated based on the average permeability and porosity of the core and 
curve fit to the laboratory measured capillary pressure curve obtained from a sub-sample of the rock core as in Fig. 03 (Kuo et 
al., 2010). 
 
 
  
 
 
 
 
 
 
 
 
SCO2,r 0 
Swr 0.15 
Swrn 0.15 
nw 7 
nCO2 3 
A 0.007734 
B 0.307601 
λ1 2.881 
λ2 2.255 
Sp 0 
Table 1—Input parameters for 
relative permeability curves fit 
Fig. 2—Relative permeability curves for CO2 and brine 
Table 2—Input parameters for 
capillary pressure curve fit 
Fig. 3—Capillary pressure curve for CO2 and brine 
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1-D Model Development 
Buckley-Leverett and Welge Analytical Analysis: 
In order to validate the developed simulation model, Buckley-Leverett and Welge analysis for 100% CO2 injection were 
conducted to get the shock front saturation and dimensionless velocity of the injected fluid; 0.27 and 3.3, respectively as in 
Figs. 4a and 4b. Table 3 presents the parameters used to conduct the analysis and used throughout the study. 
 
 
 
 
Fig. 4— (a) Welge analysis for Berea sandstone, (b) Buckley-Leverett analysis for Berea sandstone 
 
 Mean φ Mean k (md) L (cm) H, cm µBrine, cP µCO2, cP ρBrine, Kg/m
3
 ρCO2,Kg/m
3
 
Value 0.203 430 15.0 5.0 0.549 0.046 993.0 0.030693 
Ref. Kuo et al, 2010   Lemmon et al, 2007 
 
1-D Model Validation with Buckley-Leverett Solution 
The 1-D model is benchmarked by comparing the simulation model with the 
analytical solution of Buckley-Leverett. The objective of this process is to match the 
maximum CO2 saturation, the shock front saturation, the pore volume injected and 
the pore volume recovered. The developed core has 1,000 cells with 15.0 cm in 
length and 5.0 cm in diameter. Fig. 6 shows the saturation profile along the core 
after benchmarking with Buckley-Leverett. The procedure for Buckley-Leverett 
model validation is as follows: 
1. Assume a certain number of cells. 
2. Assume cell dimensions (Δx, Δy, Δz). (Fig. 5)  
3. State the boundary conditions. 
4. Calculate the time corresponding to the shock front saturation from the 
analytical solution; by dividing the amount of CO2 injected by the injection flow rate.  
This value is very important since it will be used for the checking process (see step 7). 
5. The main output data are stated in the Summary section of the data file which are:  
 BGSAT; block gas saturation for the first and last blocks versus time (maximum saturation in the first block and 
the shock front saturation in the last block). 
 FWIP; water in place; to calculate the amount of brine recovered. 
6. Run the simulation model. 
7. Check the saturations of the first and last block in the model. Since the output data are saturation profile along time, 
shock front saturation time (calculated in step 4) will be used as a model validator. Hence, if the last block saturation 
at this time is the same as in the analytical solution, the model is correct. If not the model is not correct and hence 
repeat steps 1 and 2. 
Fig. 5—Core construction 
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Table 3—Berea Core Properties and Fluid Properties Used throughout the study 
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Cell Dimensions Optimization: 
The final cell dimension is 0.0015 x 5.0 x 5.0 cm with 1,000 cells. The developed core dimension has a rectangular shape with 
15.0 x 5.0 x 5.0 cm. The number of cells was ranged between 10 to 20,000 cells. It was found that as the number of cells 
increases (the cell thickness decreases), the inlet core has higher gas saturation. This is due to; Fig. 7, at x = 0 the maximum 
gas saturation is 0.85, then it increases in a very thin layer. This proves that for a thick cell (large Δx); the simulator will not 
provide an accurate saturation for a single point.  
 
 
Capillary End Effect: 
The capillary end effect is simulated by adding boundary cells to both inlet and outlet ends of the core. At the inlet end of the 
core, injection is simulated by completing a constant injection rate in the inlet slice. The outlet end of the core is completed by 
a constant bottom hole pressure in the outlet slice. Relative permeability curves are imposed to the boundary cells, capillary 
pressure curve is assigned to the inlet cell and the entire core, whereas capillary pressure constant value corresponding to the 
maximum water saturation (8.81 x 10-3 atm) is assigned to the outlet of the core. Fig. 8a shows a comparison between 0, 8.81 x 
10
-6
 and 8.81 x 10-3 atm capillary pressure in the outlet cell. Fig. 8b illustrates a comparison between the analytical solution 
and the simulation solution at different values of capillary pressure in the outlet cell. It is evident that the capillary pressure in 
the outlet cell has a clear effect on the CO2 saturation profile especially in the region near to the outlet cell. It also shows that 
for small capillary pressure value and 0 in the outlet cell will have similar prediction of the saturation. All the work performed 
in this study is using inlet capillary pressure curve and assigned outlet capillary pressure value (8.81 x 10-3 atm).  
Fig. 6—Simulation model validation with the analytical solution 
Fig. 7—Cell size impact on gas saturation 
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Fig. 8—(a) capillary pressure end effect comparison between 0, 8.81 x 10-6, and 8.81 x 10-3 atm as outlet capillary pressure, (b) 
Capillary pressure end effect comparison with the analytical solution 
Flow Rate Effect: 
The flow rate effect is simulated for ranges between 0.428 ml/min and 27.403 ml/min. The flow rate effect on CO2 saturation 
can be divided into two parties for 100% CO2 fraction and the second one is less than 100% CO2 fraction. For 100% CO2 
fraction, Fig. 9a shows that as the flow rate increases, the CO2 saturation increases. However, for flow rates higher than 13.702 
ml/min, the CO2 saturation gets less steeper compared with flow rates less than 13.702 ml/min. This is explained by the 
analytical solution where at 100% CO2 fraction, there is a big range of CO2 saturations. Fig. 9b shows that as the flow rate 
decreases; the saturation profile gets steeper. On the other hand, the saturation profile based on the analytical solution has to be 
straight line along the core. This means that simulation coreflooding experiments predict the saturation profile much better for 
high flow rates compared with low flow rates. 
For fractions less than 100%; in this study 30, 50, 70, and 90%, Fig. 9a shows that for each fraction, for flow rates less 
than 1.0 ml/min, the simulation coreflooding experiments fail to predict the analytical solution saturation. This is explained by 
Fig. 10, where for 0.1 ml/min, the experiments underestimate the CO2 saturation. However, for 1.0 and 10.0 ml/min, the 
simulation experiments provide better estimation of the saturation compared to 0.1 ml/min. It is clear from the plot that as the 
flow rate decreases, the shape of the profile gets steeper. However, for higher flow rates, the shape of the CO2 saturation profile 
gets straighter. It can also be noticed that in Fig. 10a for the three different flow rates simulated the CO2 saturation profile 
keeps straight line saturation. It is observed that for 1.0 and 10.0 ml/min as the CO2 fraction in the injected fluid increases, the 
shape of the saturation profile gets steeper. This means that there is more deviation from the analytical solution saturation 
profile. Hence, this could mean that for rates 1.0 and 10.0 ml/min and low CO2 fraction, the simulation will provide better 
prediction of the CO2 saturation. On the other hand, for 0.1 ml/min flow rate, the saturation profile shape is independent of the 
CO2 fraction since it provides straight saturation profile. Hence, this does not mean that simulation accurately predict the CO2 
saturation because for this flow rate the simulation does not provide the correct analytical saturation values. 
  Hence, the CO2 injection velocity has clear impact on both the simulation and the saturation. For the simulation, the 1-
D model is not able to predict the correct CO2 saturation for low flow rates and is able to correctly predict the CO2 saturation. 
For the saturation, for 100% CO2 fraction, as the flow velocity increase, the CO2 saturation increases. For fractions less than 
100%, for high flow rates, the CO2 saturation profile will be the same. 
 
 
  
(b) (a) 
Fig. 9—(a) Flow rate effect on average steady state CO2 saturation at different fractional flow rates, (b) CO2 steady 
state saturation along the core at different flow rates 
(a) (b) 
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Fractional Flow Effect: 
The fractional flow effect is simulated for 30, 50, 70, 90 and 100% CO2 at 0.1, 1.0 and 10.0 ml/min. The relative permeability 
is assigned to the different ranges of fractional flow. Fig. 11 shows fractional flow curves comparison at different flow rates. 
Based on these results; it is evident that 0.1 ml/min does not match the analytical fractional flow curve and provides lower CO2 
saturations.  On the other hand, 1.0 and 10.0 ml/min flow rates matches the analytical solution very well. In addition, Fig. 11b, 
11c, and 11d show the saturation profile for each single fractional flow at different flow rates. 
For 0.1 ml/min, it is evident that as CO2 fraction increases, the saturation profile gets steeper. In general, it is clear that 
the simulation underestimate the CO2 saturation calculated form the analytical solution. For 1.0 ml/min, at low CO2 fraction, 
the saturation profile is a straight line except for the region near to the outlet cell. However, as the CO2 fraction increases, the 
CO2 steady state saturation profile becomes steeper. Hence, as the fraction increases, the deviation from the analytical solution 
is higher. Moreover, the predicted CO2 saturation might not be accurate. In general for 1.0 ml/min, it is clear that the analytical 
solution crosses the simulation solution which means that the simulation provide a good predicted average CO2 saturation. For 
10.0 ml/min, saturation profile is near to straight line for all CO2 fractions. However, it is clear that for 100% CO2 fraction, the 
saturation profile is separated from other saturation profile. This is explained by the analytical solution, where there is a big 
range of CO2 saturation for the 100% CO2 fraction. On the other hand, it is clear that the simulation saturation crosses the 
analytical solution. This means that in general 10.0 ml/min simulation coreflooding correctly predicts the average CO2 steady 
state saturation. 
All together, it is evident that the fractional flow rate has an impact on both the simulation and the saturation. In the 
view of the simulation, low flow rate at any CO2 fraction will not predict the average saturation or the saturation profile 
accurately by the simulation coreflooding experiments. For the saturation, as the CO2 fraction in the injected fluid increase, the 
average CO2 saturation increases. Also, at high flow rates, the saturation profile will be the same in the whole core regardless 
of the injected CO2 fraction in the brine. 
(a) (b) 
(c) (d) 
Fig. 10—CO2 Steady state saturation at different fractional flow rates for (a) 30%, (b) 50%, (c) 70%, and (d) 90% 
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2-D Model Development 
The 2-D simulation coreflooding experiments are developed by dividing the one layer in z direction in the 1-D model into 10 
layers. This number of layers is chosen to provide the best simulation of gravity with lower simulation time. There are two 
objective of this process; gravity impact and comparison between 1-D and 2-D models. Gravity effect on the average CO2 
steady state saturation is studied by varying the capillary end pressure, the CO2 injection flow rate at different fractional flow 
rates with the brine, and the CO2 fraction in the injected fluid at different flow rates. The second objective is to compare 1-D 
and 2-D models by varying the different parameters.  
Fig. 12 shows a CO2 saturation profile along the core at different times. It is clear that the saturation profile is similar 
at different times along the core. It also shows that the CO2 saturation at higher layers move faster than the CO2 moving in the 
lower layer. However, CO2 saturation does not move very fast compared with 1-D model. Hence, this could lead to two main 
points. The first one is at higher layer of the core simulation; the gravity does not have strong impact on CO2 saturation 
compared with the layers at the bottom of the core. The second point is, there is no large difference between the saturation due 
to gravity segregation as in 2-D and the saturation profile without gravity as in the 1-D model.  
All together, the gravity impact in the 2-D simulation coreflooding experiments has weak impact on the average CO2 
saturation. In addition, the gravity does not have strong impact on the saturation profile along the core. 
 
 
 
(b) 
(c) 
(d) 
Fig. 11—(a) Fractional flow comparison between the analytical and the simulation solutions at different flow rates, CO2 steady 
state profile for (b) 0.1 ml/min, (c) 1.0 ml/min, and (d) 10.0 ml/min at different fractional flow rates 
(a) 
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Capillary End Effect: 
Fig. 13 shows saturation profile comparison between 8.81 x 10-6 atm and 8.81 x 10-3 atm capillary pressure value in the outlet 
cell. At the inlet end of the core, injection is simulated by completing a constant injection rate in the inlet slice. The outlet end 
of the core is completed by a constant bottom hole pressure in the outlet slice. Relative permeability curves are imposed to the 
boundary cells, capillary pressure curve is assigned to the inlet cell and the entire core, whereas capillary pressure constant 
value corresponding to the maximum water saturation (8.81 x 10-3 atm) is assigned to the outlet of the core. It is clear that at 
low pore volume injected there is no difference between both capillary pressure values where the saturation profile does not 
have big difference. However, as the pore volume injected increases CO2 saturation increases as it goes toward the end of the 
core for low capillary pressure value which is higher than the saturation obtained from using 8.81 x 10-3 atm in the outlet cell. 
This indicates that using low value of capillary pressure in the outlet cell will provide overestimation of the CO2 saturation in 
the profile and hence the average saturation. 
 
Flow Rate Effect: 
The flow rate effect is simulated for ranges between 0.428 ml/min and 27.403 ml/min. The flow rate effect on CO2 saturation 
can be divided into two parties for 100% CO2 fraction and the second one is less than 100% CO2 fraction. For 100% CO2 
fraction, Fig. 14a shows that as the flow rate increases, the CO2 saturation increases. This is explained by the analytical 
solution where at 100% CO2 fraction, there is a big range of CO2 saturations. Fig. 14b shows that as the flow rate decreases; 
the saturation profile gets steeper. On the other hand, the saturation profile based on the analytical solution has to be straight 
line along the core. This means that simulation coreflooding experiments predict the saturation profile much better for high 
flow rates compared with low flow rates. 
For fractions less than 100%; in this study 30, 50, 70, and 90%, Fig. 14a shows that for each fraction, for flow rates 
less than 1.0 ml/min, the simulation coreflooding experiments does not predict the analytical solution saturation. This is 
explained by Fig. 10, where for 0.1 ml/min, the experiments underestimate the CO2 saturation. However, for 1.0 and 10.0 
ml/min, the simulation experiments provide better estimation of the saturation compared to 0.1 ml/min. It is clear from the plot 
that as the flow rate decreases, the shape of the profile gets steeper. However, for higher flow rates, the shape of the CO2 
saturation profile gets straighter. It can also be noticed that in Fig. 15a for the three different flow rates simulated the CO2 
saturation profile keeps straight line saturation. It is observed that for 1.0 and 10.0 ml/min as the CO2 fraction in the injected 
fluid increases, the shape of the saturation profile gets steeper. This means that there is more deviation from the analytical 
solution saturation profile. Hence, this could mean that for rates 1.0 and 10.0 ml/min and low CO2 fraction, the simulation will 
provide better prediction of the CO2 saturation. On the other hand, for 0.1 ml/min flow rate, the saturation profile shape is 
independent of the CO2 fraction since it provides straight saturation profile. Hence, this does not mean that simulation 
accurately predict the CO2 saturation because for this flow rate the simulation does not provide the correct analytical saturation 
values. 
  Hence, the CO2 injection velocity has clear impact on both the simulation and the saturation. For the simulation, the 2-
D simulation coreflooding model is not able to predict the correct CO2 saturation for low flow rates and is able to correctly 
predict the CO2 saturation. For the saturation, for 100% CO2 fraction, as the flow velocity increase, the CO2 saturation 
increases. For fractions less than 100%, for high flow rates, the CO2 saturation profile will be the same. 
Fig. 13—CO2 saturation profile comparison between 
8.81E-06 atm and 8.81E-03 atm capillary end pressure 
at different times 
 
Fig. 12—CO2 saturation profile along the core at different times 
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Fig. 13—CO2 saturation profile comparison between 
8.81 x 10
-6
 atm and 8.81 x 10
-3
 atm capillary end 
pressure at different times 
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Fig. 14—(a) Flow rate effect on average CO2 steady state saturation, (b) CO2 steady state 
saturation along the core at different times 
 
(a) 
(b) 
Fig. 15—CO2 Steady state saturation at different fractional flow rates for (a) 30%, (b) 50%, (c) 70%, and (d) 90% 
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Fractional Flow Effect: 
The fractional flow effect is simulated for 30, 50, 70, 90 and 100% CO2 at 0.1, 1.0 and 10.0 ml/min. The relative permeability 
is assigned to the different ranges of fractional flow. Fig. 16 shows fractional flow curves comparison at different flow rates. 
Based on these results; it is evident that 0.1 ml/min does not match the analytical fractional flow curve and provides lower CO2 
saturations.  On the other hand, 1.0 and 10.0 ml/min flow rates matches the analytical solution very well. On other hand, Fig. 
17 shows the saturation profile for each single fractional flow at different flow rates. 
For 0.1 ml/min, it is evident that as CO2 fraction increases, the saturation profile gets steeper. In general, it is clear that 
the simulation underestimate the CO2 saturation calculated form the analytical solution. For 1.0 ml/min, at low CO2 fraction, 
the saturation profile is a straight line except for the region near to the outlet cell. However, as the CO2 fraction increases, the 
CO2 steady state saturation profile becomes steeper. Hence, as the fraction increases, the deviation from the analytical solution 
is higher. Moreover, the predicted CO2 saturation might not be accurate. In general for 1.0 ml/min, it is clear that the analytical 
solution crosses the simulation solution which means that the simulation provide a good predicted average CO2 saturation. For 
10.0 ml/min, saturation profile is near to straight line for all CO2 fractions. However, it is clear that for 100% CO2 fraction, the 
saturation profile is separated from other saturation profile. This is explained by the analytical solution, where there is a big 
range of CO2 saturation for the 100% CO2 fraction. On the other hand, it is clear that the simulation saturation crosses the 
analytical solution. This means that in general 10.0 ml/min simulation coreflooding correctly predicts the average CO2 steady 
state saturation. 
All together, it is evident that the fractional flow rate in the 2-D model has an impact on both the simulation and the 
saturation. In the view of the simulation, low flow rate at any CO2 fraction will not predict the average saturation or the 
saturation profile accurately by the simulation coreflooding experiments. For the saturation, as the CO2 fraction in the injected 
fluid increase, the average CO2 saturation increases. Also, at high flow rates, the saturation profile will be the same in the 
whole core regardless of the injected CO2 fraction in the brine. 
 
 
 
 
 
 
Fig. 16—Fractional flow comparison between the analytical and 
the simulation solutions at different flow rates. 
Fig. 17—CO2 steady state saturation profile for (a) 0.1 ml/min, (b) 1.0 ml/min, and (c) 10.0 ml/min along the core at different 
fractional flow rates 
 
(a) 
(b) (c) 
Distance along the core, cm 
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Comparison Between 1-D and 2-D Simulation Results 
 
Fig. 18 shows a saturation profile comparison along the core between 1-D and 2-D at steady state. It is clear that the saturation 
profile is similar at different times along the core. It also shows that the CO2 saturation at higher layers move faster than the 
CO2 moving in the lower layer and hence will provide higher CO2 saturations. However, CO2 saturation does not move very 
fast compared with the 1-D model. Hence, this could lead to two main points as discussed earlier. The first one is at higher 
layer of the core simulation; the gravity does not have strong impact on CO2 saturation compared with the layers at the bottom 
of the core. The second point is, there is no large difference between the saturation due to gravity segregation as in 2-D and the 
saturation profile without gravity as in the 1-D model.  
On the other hand, Fig. 19 shows the saturation profile along the core for both models; 1-D and 2-D. It is evident that 
the model which includes gravity has higher average CO2 steady state saturations compared with the model without gravity. 
Hence, this increase in the saturation profile and hence the average CO2 saturation is not significant for simulation coreflooding 
experiments. This leads to gravity does not have high impact on CO2 saturation profile and average saturation. 
All together, the gravity impact in the 2-D simulation coreflooding experiments has weak impact on the average CO2 
saturation. In addition, the gravity does not have strong impact on the saturation profile along the core. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Relative permeability data of 0.1, 1.0, and 10.0 ml/min flow rate was acquired after the simulation was run and 
compared with the input relative permeability curves. Fig. 20 illustrates a comparison between the data obtained from the 
fitting an equation to the lab results and the simulation relative permeability curves for both cases with and without gravity. 
The relative permeability curves are obtained by using the following equation: 
 
       𝑣 =  
𝑘
µ
𝛥𝑃
𝐿
                                                                                                                                                                    (5)                                                                                                                  
 
Where v is the fluid velocity, k is the permeability, µ is the fluid viscosity, ΔP is the pressure difference, and L is the core 
length. 
It is evident that at low flow rates (0.1 ml/min in both models), the simulation fails to predict the input relative 
q 
(ml/min) 
1-D 
 
2-D 
 
1.0 
 
 
 
 
Fig. 18—CO2 steady state saturation comparison between (a) a model without gravity and (b) a 
model with gravity 
Fig. 19—CO2 saturation profile comparison between 1-D and 2-D with capillary pressure of 8.81 x 10
-3
 atm in the outlet cell 
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permeability curve. However for higher flow rates (1.0 and 10.0 ml/min), the simulation coreflooding experiments better 
predict the input relative permeability curve. On the other hand, it is very clear that at low CO2 fractions, the simulation 
coreflooding experiments better estimates the input relative permeability curve compared with higher CO2 fractions. This 
results overlap with the results obtained and discussed earlier for both 1-d and 2-D models. Hence, this proves that the 
simulation experiment could predict correctly the analytical and the input relative permeability curve at high flow rates (≥ 1.0 
ml/min) and at low fractions ( fCO2≤50%). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 20—Relative permeability curves obtained from simulation for (a) 1-D and (b) 2-D at 0.1, 1.0, and 10.0 ml/min 
 
 
 
 
(a)                                                                                                            (b) 
1-D                                                                                                             2 -D 
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Average CO2 saturation obtained from simulations of both models; with and without gravity effect is compared as 
shown in Fig. 21. The results obtained could be divided into two main points related to 100% CO2 fraction and less than 100% 
CO2 fraction. For 100% CO2, the saturation keeps increasing for both models however with less increase for the1-D at higher 
flow rates (≥13.702 ml/min). This explained as discussed earlier due to the large range of CO2 saturation at 100% CO2 injected 
fluid. For less than 100% CO2 fraction, at low flow rates both models exhibit the same profile. However, for higher flow rates, 
both models increases and provide accurate CO2 saturation results. Fig. 22 shows the comparison between CO2 saturation for 
different fractions and flow rates. It is clear, as discussed earlier, that both models do not provide accurate simulation results 
for low flow rates. On the other hand, they provide more accurate results at higher flow rates.  
 
 
 
 
Discussion of Results 
The results of 1-D and 2-D models are presented in previous sections. The base simulation model exactly corresponds to the 
analytical solution as illustrated in Fig. 06. Based on this model, capillary pressure end effect, flow rate, fractional flow and 
gravity are studied. The main difficulty faced in this model is the development of a Buckley-Leverett validated model due to 
numerical tuning keywords in the software which takes long time to achieve the best simulation and analytical solution match 
as seen in this study. 
Capillary end effect plays a key role in CO2 saturation distribution along the core especially near the outlet of the cell 
as in Fig. 8. Figs. 8 and 12; CO2 saturation profile along the core with and without gravity respectively, illustrate that the 
capillary end effect does not have a clear impact on CO2 distribution at low injected pore volume. Nevertheless, afterwards its 
impact becomes clearer on the saturation as it reaches the outlet of the core. Hence, using capillary pressure value of 8.81 x10-6 
or 0 atm at the end of the core is incorrect as it is not mimicking the real lab experiments. Therefore, capillary pressure 
corresponding to maximum water saturation; as in this case 8.81 x10-3 atm has to be used at the outlet of the core. Capillary 
pressure tends to move CO2 faster along the core while decreasing the saturation at the regions near the end of the core. When 
comparing the saturation distribution along the core with capillary pressure curve assigned to the whole core region and no 
capillary pressure value is assigned to the core as in Fig. 8, it is evident that the simulation results tend to give higher values. 
This means that the trapped CO2 saturation in the core is overestimated. 
Flow rate has an impact on CO2 saturation distribution. Fig. 9 illustrates that as the flow rate increases, the average gas 
saturation increases. However, at higher flow rates (≥ 6.851 ml/min) CO2 average saturation becomes almost stable. This 
indicates that there is a specific velocity and whenever it is surpassed, there will be no increase in CO2 saturation. Fig. 9 
illustrates that as the flow velocity increases, CO2 saturation increases along the core except for the regions near the outlet of 
the core where the saturation is almost stable at low CO2 saturations. However, as the injected fluid velocity becomes more 
than 6.851 ml/min, the saturation profile becomes almost straight. This corresponds to when the flow rate gets higher; the CO2 
saturation gets closer to the analytical solution where the saturation is a straight line. 
Fractional flow has an impact on CO2 saturation distribution. Fig. 11 shows that for each single flow velocity, as CO2 
fraction increases, CO2 average saturation increases. However, when this simulation results are compared with the analytical 
solution, it becomes plain that certain flow rates provide more accurate results than others; as in the case of more than 1.0 
ml/min.  The simulation gives more stable saturation profile as the CO2 fraction in the injected fluid decreases. Hence, as the 
fraction of CO2 injected in the core decreases (less than 50%), the simulation will give results that better match the analytical 
Fig. 21—Comparison of saturation with and without gravity 
for different flow rates 
 
Fig. 22—Comparison of saturation with and without gravity 
for different fractions at different flow rates 
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solution. 
Gravity effect is studied by dividing the z direction in the 1-D model into 10 layers to restore the gravity effect. Fig. 
13 illustrates a comparison between high capillary pressure value in the outlet cell; which corresponds to the maximum water 
saturation (8.81 x 10-3 atm), and low capillary pressure value, 3 orders lower than the previous value (8.81 x 10-6 atm). It is 
evident that 8.81 x 10-6 atm tends to have higher CO2 saturation profile when compared with 8.81 x 10
-3
 atm especially when it 
reaches the end of the core. Hence, as in 1-D, this proves that low capillary pressure or zero capillary pressure values do not 
provide accurate simulation results. Flow rate with gravity has an impact on CO2 saturation distribution. Fig. 14a illustrates the 
average CO2 saturation as a function of flow rate. It is plain that as the flow rate increases the average saturation increases 
steadily; which better matches the analytical solution. At higher flow rates (≥ 6.851 ml/min), the profile becomes straighter  
along the core except at the end of the core. Fractional flow rate with gravity has an impact on CO2 saturation distribution. Fig. 
16 illustrates the average CO2 saturation for different fractions and different flow rates. It is clear that there is a certain flow 
rate value that can be used to simulate CO2 injection, and in this case 1.0 ml/min. Fig. 17 show that as the CO2 fraction 
decreases, the profile becomes straighter and this better matches the analytical solution. CO2 saturation profile is compared in 
both cases: with and without gravity as shown in Fig. 18. It is apparent that gravity does not have a strong impact on CO2 
saturation. This could be proved by the weak difference in saturation profiles as seen in Fig. 19.  
Relative permeability curves were taken from the simulation and compared with the input relative permeability curves 
for 0.1, 1.0, and 10.0 ml/min as shown in Fig. 20. Both curves show that the simulation relative permeability curves are 
following the trend of the lab relative permeability except for 0.1 ml/min, however, they do not match it. On the other hand, the 
simulation is able to produce the analytical solution saturation for fractional flow for two flow rates (1.0 and 10.0 ml/min). It is 
evident from the saturation profiles for several fractional flow rates that at low injected CO2 fraction, the analytical saturation 
mimicks the simulation saturation except for regions near to the core outlet; as discussed earlier. Hence, for relative 
permeability at low fraction, the analytical and simulation relative permeability match better when compared with high CO2 
fraction injected fluid. However, as the injected CO2 fraction increases, the deviation from the analytical solution gets higher. 
To sum up, based on the relative permeability curves obtained from the simulation, the simulation is able to reproduce the input 
curves for high flow rates (≥ 1.0 ml/min) and at low fractions (≤50%).   
Hence, the conditions mentioned above for a specific model that was developed during this study. To generalize this 
on other models, traditional capillary number, Ca, alternative capillary number, Ncv, gravity number, Ngv, are used as seen in 
the following equations; 
 
𝐶𝑎 =  
µ𝐶𝑂2𝑢𝑡
𝜎
                                                                                                                                                            (6) 
 
 
              𝑁𝑐𝑣 =
𝑘𝐿𝑝𝑐
∗
𝐻2µ𝐶𝑂2𝑢𝑡
                                                                                                            (7)                                                                                                                     
 
 
              𝑁𝑔𝑣 =  
𝛥𝜌𝑔𝑘𝐿
𝐻µ𝐶𝑂2𝑢𝑡
                                                                                                      (8) 
 
Based on the above equations, it is found that higher flow rates Ca ≥ 3.9x 10-8; Ncv <  86; Ngv <  1.4x105 provides more 
reliable saturation results. 
 
 
Conclusions 
In this paper, a validate reservoir simulation model is used to predict the CO2 saturation from coreflood experiments. It is found 
that the cell’s thickness has a strong impact on the CO2 saturation as the simulation results will give more reliable as the 
thickness gets lower. It is also proved that the capillary end effect greatly affects the CO2 saturation and using very small or 
zero capillary end pressure does not provide reliable results. In addition, it is found that when the injected CO2 velocity is 
higher Ca ≥ 3.9x 10-8; Ncv <  86; Ngv <  1.4x105 both in 1-D and 2-D models), the simulation results are more reliable. 
Moreover, it is found that as the CO2 fraction in the injected fluid decreases (≤50%), the simulation provides more reliable 
results. Finally, based on this validate simulation model, gravity does not play a significant role in the CO2 saturation in 
coreflooding. 
As per this study, it is highly recommended to use a validated model with Buckley-Leverett solution for CO2/brine 
system. For reliable simulation results, flow rates higher than 6.831 ml/min and less than 50% of CO2 fraction in the injected 
fluid must be used. For future works, it is recommended to study the CO2 fraction at a large range of flow rates. Another 
recommendation is to study the impact of several important parameters such as viscosity ratio, interfacial tension, wetting 
properties and heterogeneity on the CO2 saturation. 
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 Nomenclature 
1-D model = One dimensional model 
2-D model = Two dimensional model 
A = J-function fitting parameter 
B = J-function fitting parameter 
FF = Fractional flow rate, ml/min 
g = Acceleration of gravity, m/s2 
H =  Height of the core, cm 
J(Sw) = Modified Leverett’s J-function as a function of water saturation 
k = Average permeability, md 
ki = Permeability of grid element I, md 
L =  Length of the core, cm 
nw = Functional exponent for the brine curve 
nCO2 = Functional exponent for the CO2 curve 
Pc* = Characteristic capillary pressure, atm 
Pc (Sw) = Capillary pressure  as a function of water saturation, atm 
Pres = Reservoir pressure, MPa 
q = Flow rate, ml/min 
SCO2,r = Residual CO2 saturation 
Sp =  J- function fitting parameter 
Sw = Average brine saturation 
Swr = Residual brine saturation 
S* = Normalized brine saturation 
Tres =  Reservoir temperature, 
oC 
ut = Total average Darcy Flow velocity, ml/min 
v = Fluid viscosity, cP 
Δp = Pressure difference, atm 
Δx = Slice thickness in x-direction, cm 
Δy = Slice thickness in y-direction, cm 
Δz = Slice thickness in z-direction, cm 
ρBrine = Brine density, kg/m
3 
ρCO2 = CO2 density, kg/m
3 
µ =  Fluid viscosity, cP 
µBrine =  Brine viscosity, cP 
µCO2 = CO2 viscosity, cP 
φ = Average porosity 
φi = Porosity of grid element i 
λ1 = J-function fitting paramter 
λ2 = J-function fitting paramter 
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Appendix A; Critical Literature Review 
 
SPE 
Paper n 
Year Title Authors Contribution 
JPT 1985 
Effect of Capillary Number and 
Its Constitutes on Two-Phase 
Relative Permeability Curves 
R. A. Fulcher; T. 
Ertekin; C.D. Stahl  
Used dimensionless numbers to 
identify different flow regimes in 
two-phase (oil-water) system. 
95547 2005 
Relative Permeability 
Characteristics for Supercritical 
CO2 Displacing Water in a 
Variety of Potential Sequestration 
Zones in the Western Canada 
Sedimentary Basin 
 B. Bennion; S. Bachu 
First to present a detailed brine-CO2 
system relative permeability data 
for sandstone and carbonate 
formations; which are 
representative of the in situ 
temperature, pressure, salinity, 
porosity and permeability. 
Energy 
Procedia (1) 
3515-3522  
2009 
Core-scale experimental study of 
relative permeability properties of 
CO2 and Brine in reservoir rocks 
 J.-C. Perrin; M. Krause; 
C. Kuo; L. Milijkovic; 
E. Charoba; S. Benson 
Improving fundamental 
understanding of multiphase flow 
and trapping in CO2-brine systems 
since few relative permeability 
measurements have been made and 
even fewer with in situ saturation 
measurements. 
126340 2009 
Modeling Permeability 
Distributions in a Sandstone Core 
for History Matching Coreflood 
Experiments 
M. Krause; J.-C. Perrin; 
S. Benson 
 A new method to understand how 
small heterogeneity scale influences 
the spatial distribution of CO2 
saturation and to improve the ability 
to predict storage capacity in saline 
aquifers. 
Transp. 
Porous Med. 
82 (1): 93-
109  
2010 
An Experimental Study on the 
Influence of Subcore Scale 
Heterogeneities on CO2 
Distribution in Reservoir Rocks 
J.-C. Perrin ; S. Benson 
First to show the evidence of sub 
core scale heterogeneity 2 lab 
experiments studies on 2 cores from 
2 fields where the heterogeneity is 
different in each core. 
132607 2010 
Effect of Gravity, Flow rate, and 
Small scale Heterogeneity on 
Multiphase Flow of CO2 and 
Brine 
C. W. Kuo;  J. C. Perrin; 
S. Benson 
Presents a detailed simulation study 
of the effect of gravity, flow rate, 
and small scale heterogeneity on the 
brine displacement process using 
TOUGH2 as a simulator. 
153954 2012 
Analytical Study of Effects of 
Flow Rate, Capillarity, and 
Gravity on CO2/Brine Multiphase-
Flow System in Horizontal 
Corefloods 
C.-W. Kuo, S. M. 
Benson 
A new critierion was developed to 
identify the viscous dominated 
regime at the core scale and can be 
used to design and interpret 
multiphase flow experiments. 
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JPT (1985) 
Effect of Capillary Number and Its Constitutes on Two-Phase Relative Permeability Curves 
Authors: Fulcher, R. A.; Ertekin, T.; Stahl, C.D. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Used dimensionless numbers to identify different flow regimes in two-phase (oil-water) 
system. 
Objective of the paper: 
To present and discuss the effect of capillary number or one of its constitutes on two phase 
relative permeability curves. 
Methodology Used: 
- Steady state permeability experiments for Berea sandstone using Penn State method. 
Conclusion Reached: 
- The non-wetting relative permeability is a function of IFT and viscosity. 
- The wetting relative permeability is a function of capillary number. 
- Mathematical relative permeability models were developed from the experimental 
data. 
Comments: 
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GHGT-8 Processings (2005) 
Core Scale and Pore Scale Studies of Carbon Dioxide Migration in Saline Formations 
Authors: Benson, S. M.; Tomutsa, L.; Silin, D.; Kneafsey, T.; Milikovic, L. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Not much, however it presents a core scale lab experiments to measure brine displacement 
during CO2 injections into sandstone cores (Berea and Frio). 
Objective of the paper: 
To study multiphase flow in CO2 –Brine system under core and pore scale measurements. 
Methodology Used: 
- Core scale lab experiments were conducted to measure CO2 injection. 
- X-ray CT scan is used to quantify spatial CO2 distribution. 
- Relative permeability was calculated. 
Conclusion Reached: 
- Fundamental understanding of core and pore scale multiphase is important. 
- Transient and steady state measurements ate important to study the brine 
displacement mechanism. 
Comments: 
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SPE 95547 (2005) 
Relative Permeability Characteristics for Supercritical CO2 Displacing Water in a Variety of 
Potential Sequestration Zones in the Western Canada Sedimentary Basin 
Authors: Bennion, B.; Bachu, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Presents a detailed water-CO2 relative permeability data for three sandstone and three 
carbonate formations; which are representative of the in situ temperature, pressure, salinity, 
porosity and permeability. 
Objective of the paper: 
Review the experimental protocol and presents water-CO2 relative permeability data; which 
can be used for CO2 injection and sequestration numerical simulation. 
Methodology Used: 
Lab experiments performed by injection of water-saturated CO2 (Live water) into the core. 
Then, the data collected are used to construct the relative permeability. 
Conclusion Reached: 
- An excellent correlation between measured routine core analysis air permeability 
values and the measured permeability to CO2-saturated formation brine. 
- A good correlation between measured routine core analysis air permeability and the 
endpoint permeability to CO2 at the residual water saturation. 
- A good correlation between CO2 permeability and the brine permeability at reservoir 
conditions. 
- The developed correlations can be used in to estimate the CO2 injection potential in 
the absence of lab data. 
Comments: 
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Energy Procedia (1) 3515-3522 (2009) 
Core-scale experimental study of relative permeability properties of CO2 and Brine in 
reservoir rocks 
Authors: Perrin, J.-C.; Krause, M.; Kuo, C.; Milijkovic, L.; Charoba, E.; Benson, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Improving fundamental understanding of multiphase flow and trapping in CO2-brine systems 
since few relative permeability measurements have been made and even fewer with in situ 
saturation measurements. 
Objective of the paper: 
- To measure core-scale steady state CO2/brine displacement and relative permeability 
in 2 different rock samples over a range of flow rate. 
- To simulate some of the coreflood experiments. 
Methodology Used: 
- Steady state relative permeability was measured at reservoir conditions. 
- Porosity was measured by CT scan to get 2D images and then 2D images were 
stacked to get 3D map. 
- Numerical simulation was conducted using TOUGH2 MP with the ECO2N fluid 
property model.  
Conclusion Reached: 
- CO2 spatial variation is strongly correlated to the variation of porosity and 
permeability (heterogeneity). 
- CO2 saturation and relative permeability are dependent on flow rate; the displacement 
efficiency being higher for a higher flow rate. 
- Numerical simulation demonstrates that some of the features of the saturation 
distribution can be qualitatively replicated. 
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Comments: 
Improvements in the correlations between porosity, saturation and capillary pressure will be 
needed to replicate the saturation distribution measured in the experiments. 
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Energy Procedia 1 3205-3211  (2009) 
History Matching of CO2 Coreflooding CT Scan Saturation Profiles with Porosity Dependent 
Capillary Pressure 
Authors: Shi, J. Q.; Xue, Z.; Durucan, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Not much however it presents data for new core Tako sandstone and 1-D model to simulate 
CO2 injection. 
Objective of the paper: 
To study CO2 flooding in Tako sandstone core sample by construction of 1-D model of the 
core plug. 
Methodology Used: 
- Experimental measurements were performed to measure the permeability and 
porosity, using mercury injection apparatus and CT scan. 
- Simulation model was constructed top get the 1-D core plug. 
Conclusion Reached: 
- The impact of porosity heterogeneity is less on saturation distribution based on lab 
data. 
- The capillary pressure effect can be reasonably represented by an empirical; capillary 
pressure multiplier varies linearly with the mean porosity. 
Comments: 
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SPE 126340 (2009) 
Modeling Permeability Distributions in a Sandstone Core for History Matching Coreflood 
Experiments 
Authors: Krause, M.; Perrin, J.-C.; Benson, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Developing a method for calculating sub core scale permeability distributions based on 
capillary pressure measurements and porosity as an alternative to the traditional porosity 
only-based model. Hence, to understand how small heterogeneity scale influences the spatial 
distribution of CO2 saturation and to improve the ability to predict storage capacity in saline 
aquifers. 
Objective of the paper: 
To develop a method for sub core scale permeability distributions based on capillary pressure 
measurements and porosity. 
Methodology Used: 
- Porosity and saturation are measured experimentally by CT scan of the core and then 
calculated using Akin and Kovscek (2003) methods. 
- Numerical simulation by TOUGH2 MP using ECO2N module was used using the 
same thermophysical conditions as the experiment. 
Conclusion Reached: 
- Porosity based methods such as the Kozeny-Carman equation under-predict the 
degree of saturation contrast; hence CO2 saturation distributions which do not 
correlate to experimental measurements. 
- Capillary pressure methods using extended work of Calhoun et. al. 1949 has revealed 
a much more accurate saturation distribution. 
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Comments: 
The combined effects of capillary pressure and relative pressure on the CO2 distributions ion 
a core under different multi-phase flow conditions has to be studied. 
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Transp. Porous Med. 82 (1): 93-109 (2010) 
An Experimental Study on the Influence of Subcore Scale Heterogeneities on CO2 
Distribution in Reservoir Rocks 
Authors: Perrin, J.-C.; Benson, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
2 lab experiments studies on 2 cores from 2 fields where the heterogeneity is different in each 
core. 
Objective of the paper: 
- To provide some experimental data measured on a rock sample from actual storage 
site (Otway). 
- To visualize and understand the effect of core and subcore scale heterogeneity on the 
CO2 saturation distributions and relative permeability 
Methodology Used: 
- Relative permeability measurements: steady state permeability experiments. 
- Porosity and CO2 saturation at the core scale using CT scan 
Conclusion Reached: 
- The saturation distribution is correlated reasonably well with porosity distribution. 
- The inclusion of low porosity regions lead to bypass of portions of the core which in 
turn to high residual brine saturation when 100% CO2 is injected. 
- Small scale heterogeneity can exert large influence on brine displacement efficiency. 
Comments: 
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GICC Briefing Paper No4 (2010) 
Carbon Dioxide Storage 
Authors: Blunt, M. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
This paper presents an overview of CCS; which will help me understand the CCS complete 
process. 
Objective of the paper: 
To explain the storage of carbon deep underground. 
Methodology Used: 
- The need of carbon capture and storages. 
- Carbon storage in geological formations. 
- Current storage projects. 
- Storage mechanisms. 
- Pressure responses. 
- Injection design. 
- Transport. 
- Policy and international context. 
Conclusion Reached: 
- During CO2 injections, the reservoir pressure is high and CO2 is more mobile so it 
will escape. However, overtime CO2 will dissolve, precipitate or become trapped. 
- Targeting extensive permeable formations will ensure successful large scale storage. 
- CO2 storage is quite well understood with over hundred sites worldwide. 
- Abundant offshore capacity on the East Coast, the UK could take a lead in reducing 
emissions of CO2 
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SPE 132607 (2010) 
Effect of Gravity, Flow rate, and Small scale Heterogeneity on Multiphase Flow of CO2 and 
Brine 
Authors: Kuo, C. W.; Perrin, J. C.; Benson, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Presents a detailed simulation study of the effect of gravity, flow rate, and small scale 
heterogeneity on the brine displacement process using TOUGH2 as a simulator. 
Objective of the paper: 
- To interpret and extrapolate the results of the core scale multiphase flow experiments 
using numerical simulation. 
- To better understand the role of sub core scale heterogeneity, gravity, and flow rate on 
multiphase flow. 
Methodology Used: 
- Experimental data was collected for Berea sandstone using steady state relative 
permeability measurements by Perrin and Benson (2009). 
- Simulation was conducted using TOUGH2-MP ECO2N model. 
Conclusion Reached: 
- Brine displacement efficiency is a strong function of the capillary number, gravity 
number, and therefore is flow rate dependent. 
- Average CO2 saturation is highly flow rate dependent. 
- The influence of small scale heterogeneity on the average CO2 storage in the capillary 
forces dominated regime. 
Comments: 
More simulations are needed to identify and minimize the numerical artefact to make sure 
that the simulations are as accurate as possible. 
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SPE 153954 (2012) 
Analytical Study of Effects of Flow Rate, Capillarity, and Gravity on CO2/Brine Multiphase-
Flow System in Horizontal Corefloods 
Authors:  Kuo, C.; Benson, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Developing a simulation and analytical solution for the effect of different parameters on the 
average CO2 saturation. 
Objective of the paper: 
To develop a greater understanding of steady state displacement mechanisms to CO2 
sequestration at the core scale during reservoir conditions and to understand the transition 
between different flow regimes. 
Methodology Used: 
- Simulation Method using TOUGH2 MP based on Perrin et al 2009 lab experiments. 
- Development of a 2-D semianalytical solution. 
Conclusion Reached: 
- A new semianalytical solution was developed; which is very quick and easy to 
develop coreflood experiments. 
- The solution was compared with the simulation solution and showed good agreement. 
Comments: 
The investigation of upscaling strategies includes transition between the three regimes is not 
studied in the paper. 
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Water Resources Research, VO. 48, W02532 (2012) 
Relative Permeability and Trapping of CO2 and Water in Sandstone Rocks at Reservoir 
Conditions 
Authors:  Krevor, S. C. M.; Pini, R.; Zuo, L.; Benson, S. M. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
Lab experiment measurements for 4 sandstone cores for CO2 saturation and relative 
permeability of CO2-Brine system neglecting the impact of end effects, heterogeneity, and 
gravity. 
Objective of the paper: 
To study the relative permeability and the residual CO2 trapping of a CO2/Brine system in 
four sandstone rock types. 
Methodology Used: 
Steady state relative permeability measurements and CT scan to get the porosity and CO2 
saturation results. 
Conclusion Reached: 
- Drainage relative permeability is a characteristic of strong water wet system, 
- Low maximum saturations were limited by the capillary pressure achieved and do not 
represent the end point. 
- Residual CO2 trapping is strongly dependent on the maximal CO2 saturation achieved 
before imbibition. 
Comments: 
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ESD-09-056 (2012) 
Sim-SEQ: A Model Comparison Initiative for Geological Carbon Sequestration 
Authors: Mukhopadhyay, S. 
Contribution to the understanding of CO2 Sequestration Coreflooding Experiments: 
No much contribution, however it presents a new software for CO2 sequestration and 
comparing the its results with other softwares. 
Objective of the paper: 
To understand and quantify uncertainties causing from model choices made by modellers. 
Methodology Used: 
- Select different preliminary conceptual models and predictions. 
- Compare the results of different models. 
Conclusion Reached: 
- Qualitative comparison of preliminary models results confirms that models impact the 
range of model predictions. 
- Better understanding will improve the model predictions. 
Comments: 
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Appendix B; 1-D Model Base Case – Self Explanatory 
 
 
-- 1-D Coreflooding Model  
RUNSPEC 
TITLE 
BUCKLEY-LEVERETT VALIDATION OF 1-D COREFLOODING MODEL; HOMOGENOUS AND ISOTROPIC 
  
DIMENS 
-- Number of cells in  
-- X          Y       Z 
   1000       1       1  / 
 
-- phases present  
 
GAS 
  
WATER 
  
-- LAB units 
LAB 
  
IMPLICIT 
 
 
WELLDIMS 
-- max    max max    max 
-- wells conn groups wells/gr 
  2      1   2 2 
/ 
 
  
START 
   7  JUN  2013  / 7  JUN  2013 00:00:00 
  
UNIFOUT 
 
  
GRID     =============================================================== 
-------- IN THIS SECTION , THE GEOMETRY OF THE SIMULATION GRID AND THE 
-------- ROCK PERMEABILITIES AND POROSITIES ARE DEFINED. 
------------------------------------------------------------------------ 
--Turn off writing og data to report file 
NOECHO  
-- Each grid element has dimensions 0.015cm x 5.0cm x 5.0cm 
 
DX 
1000*0.015 
/ 
 
DY 
1000*5 
/ 
 
DZ 
1000*5 
/ 
 
-- PERMEABILITIES 
-- Homogeneous isotrpic reservoir 
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-- Average permeability 430 mD 
 
  
PERMX 
 1000*430 
/ 
  
PERMY 
 1000*430 
/ 
  
PERMZ 
 1000*430 
/ 
 
-- POROSITY 
-- Homogeneous reservoir  
-- Average porosity 20% 
  
PORO 
 1000*0.203 
/ 
  
TOPS 
 1000*1000.0 
/ 
 
INIT 
 
-- Turn report writing back on 
ECHO 
 
PROPS    =============================================================== 
-------- THE PROPS SECTION DEFINES THE REL. PERMEABILITIES, CAPILLARY 
-------- PRESSURES, AND THE PVT PROPERTIES OF THE RESERVOIR FLUIDS 
---------------------------------------------------------------------- 
-- WATER RELATIVE PERMEABILITY ARE TABULATED AS 
-- A FUNCTION OF WATER SATURATION. 
-- Berea Sandstone relative permeability data  
--  SWAT   KRW   PCOW 
SWFN 
0.11 0           0 
0.16 3.14398E-08 0 
0.21 2.01215E-06 0 
0.26 2.29196E-05 0 
0.31 0.000128777 0 
0.36 0.000491247 0 
0.41 0.001466856 0 
0.46 0.003698863 0 
0.51 0.008241759 0 
0.56 0.016708407 0 
0.61 0.031439815 0 
0.66 0.055697551 0 
0.71 0.093878785 0 
0.76 0.151753983 0 
0.81 0.236727221 0 
0.86 0.358119146 0 
0.9   0.489127981 0 
0.95 0.706863695 0 
1     1           0 
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  / 
  
-- GAS RELATIVE PERMEABILITY ARE TABULATED AS A FUNCTION OF WATER SATURATION. 
-- Berea Sandstone relative permeability data 
--  SGAS   KRG    PCOG 
SGFN 
0 0 0 
0.05 0.000177313 0 
0.1 0.001418502 0 
0.14 0.00389237 0 
0.19 0.009729506 0 
0.24 0.019609373 0 
0.29 0.034595847 0 
0.34 0.055752806 0 
0.39 0.084144125 0 
0.44 0.120833682 0 
0.49 0.166885352 0 
0.54 0.223363013 0 
0.59 0.291330541 0 
0.64 0.371851812 0 
0.69 0.465990703 0 
0.74 0.574811091 0 
0.79 0.699376852 0 
0.84 0.840751863 0 
0.89 1 0 
 
/ 
 
  
 ----------------------------------------------------------------------- 
-- PVT DATA Generated from Eclipse PVT Program 
-- ECLIPSE 100 DENSITY data 
-- Surface densities of Oil, Water and Gas: 
DENSITY 
-- Brine composition: Na 3,958ppm, Cl 6,109ppm; TDS= 10,067ppm  
-- Brine density: 0.993 g/cc at 50C 
-- Density values are at surface conditions 
--  OIL        WATER            GAS           
--  g/cc           g/cc       
     52.0000        993.0            0.030693   
/ 
  
   
PVZG 
-- 
50/ 
 
-- Pressure     Z    VISC 
-- ATMOS             CPOISE 
 
0.999999901 0.98905 0.016134 
1.012287095 0.988977 0.016134075 
1.024574288 0.988901 0.01613415 
1.036861482 0.98883 0.016134225 
1.049148675 0.988758 0.0161343 
1.061435869 0.988683 0.016134375 
1.073723062 0.988608 0.01613445 
1.086010256 0.98854 0.016134525 
1.098297449 0.988468 0.0161346 
1.110584642 0.988388 0.016134675 
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1.122871836 0.988318 0.01613475 
1.135159029 0.988249 0.016134825 
1.147446223 0.988172 0.0161349 
1.159733416 0.988097 0.016134975 
1.17202061 0.988023 0.01613505 
1.184307803 0.987951 0.016135125 
98.69231693 0.978052 0.028368 
118.44         0.39616         0.03962 
122.37847299    0.390152        0.046086 
138.18         0.36612         0.0509 
/ 
 
  
PVTW 
-- Bw is calulated based on P & T    
--     Pref                 Bw                            Cw                                 Vw            Cvw 
--  ATMOS                RCC/SCC                         1/ATMOS                           CPOISE         1/BARS 
       1                 1.0111                       4.57493e-007                          0.549             0 
 / 
  
  
-- ROCK COMPRESSIBILITY 
--    REF. PRES   COMPRESSIBILITY 
ROCK 
         1          4.35E-7   / 
 
-- END PVT DATA 
----------------------------------------------------------------------- 
 
REGIONS  =============================================================== 
-------- THE REGIONS SECTION DEFINES HOW THE RESERVOIR IS SPLIT INTO 
-------- REGIONS BY SATURATION FUNCTION, PVT FUNCTION, FLUID IN PLACE 
-------- REGION ETC. 
------------------------------------------------------------------------ 
 
  
SOLUTION =============================================================== 
-------- THE SOLUTION SECTION DEFINES THE INITIAL STATE OF THE SOLUTION 
-------- VARIABLES (PHASE PRESSURES, SATURATIONS AND GAS-OIL RATIOS) 
------------------------------------------------------------------------ 
-- DATA FOR INITIALISING FLUIDS TO POTENTIAL EQUILIBRIUM 
-- GWC Depth is an arbitrary value above the core depth; since initially the core is assumed to be brine saturated 
-- N Integer = 0; the fluid saturations in each cell according to the value at the center of the cell (see Eclipse Ref. P.782)  
-- Initialization type; is set to be 1; no gas-oil contact in the reservoir (see Eclipse Ref. P.783) 
--     1           2         3      4      5      6           7        8        9        10      11 
--    DATUM       DATUM     OWC    OWC    GOC    GOC         BLOIL   BLOIL      N        INIT   SOLN 
--    DEPTH       PRESS     DEPTH   PCOW  DEPTH   PCOG        ONLY     ONLY     INTEGER   TYPE   METH 
PRESSURE 
1000*122.37847299/ 
SWAT 
1000*1 
/ 
RPTSOL 
SWAT SGAS/ 
 
RPTRST 
BASIC=2 / 
 
SUMMARY ================================================================ 
-------- THIS SECTION SPECIFIES DATA TO BE WRITTEN TO THE SUMMARY FILES 
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-------- AND WHICH MAY LATER BE USED WITH THE ECLIPSE GRAPHICS PACKAGE 
------------------------------------------------------------------------ 
DATE 
 
FWSAT 
 
FWIP 
 
FPR 
 
FGIR 
 
FGPR 
 
FWPR 
 
FWCT 
 
FGSAT 
 
FWSAT 
 
FWPT 
 
FGIT 
/ 
 
BGSAT 
1 1 1/ 
2 1 1/ 
3 1 1/ 
4 1 1/ 
5 1 1/ 
6 1 1/ 
7 1 1/ 
8 1 1/ 
9 1 1/ 
10 1 1/ 
20 1 1/ 
30 1 1/ 
40 1 1/ 
50 1 1/ 
60 1 1/ 
70 1 1/ 
80 1 1/ 
90 1 1/ 
100 1 1/ 
150 1 1/ 
200 1 1/ 
210 1 1/ 
220 1 1/ 
230 1 1/ 
240 1 1/ 
250 1 1/ 
300 1 1/ 
350 1 1/ 
400 1 1/ 
410 1 1/ 
420 1 1/ 
430 1 1/ 
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440 1 1/ 
450 1 1/ 
460 1 1/ 
470 1 1/ 
480 1 1/ 
490 1 1/ 
500 1 1/ 
550 1 1/ 
600 1 1/ 
610 1 1/ 
620 1 1/ 
630 1 1/ 
640 1 1/ 
650 1 1/ 
660 1 1/ 
670 1 1/ 
680 1 1/ 
690 1 1/ 
700 1 1/ 
750 1 1/ 
800 1 1/ 
850 1 1/ 
900 1 1/ 
950 1 1/ 
960 1 1/ 
970 1 1/ 
980 1 1/ 
990 1 1/ 
1000 1 1/ 
/ 
 
BWSAT 
1 1 1/ 
1000 1 1/ 
/ 
 
BVWAT 
1 1 1/ 
1000 1 1/ 
/ 
 
BVGAS 
1 1 1/ 
1000 1 1/ 
/ 
 
BGSAT 
1 1 1/ 
1000 1 1/ 
/ 
  
SCHEDULE =============================================================== 
-------- THE SCHEDULE SECTION DEFINES THE OPERATIONS TO BE SIMULATED 
------------------------------------------------------------------------ 
-- CONTROLS ON OUTPUT AT EACH REPORT TIME 
RPTRST 
BASIC=2 / 
 
TUNING 
0.000035 0.000035 0.000017 0.000017/ 
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0.01 0.001 1e-7 0.00001 50/ 
50 1 50 1 8 8 1E6 0.01/ 
 
-- WELL SPECIFICATION DATA 
-- 
--   WELL     GROUP   LOCATION   BHP   PI 
--   NAME     NAME    I      J   DEPTH DEFN 
WELSPECS 
     INJE     G       1      1    1*     GAS / 
     PROD     G       1000   1    1*     WAT /  
/ 
 
  
-- COMPLETION SPECIFICATION DATA 
-- 
--     WELL    -LOCATION-      OPEN/ SAT CONN   WELL EFF SKIN 
--     NAME    I    J K1 K2    SHUT  TAB FACT    ID  KH 
COMPDAT 
       INJE    1      1  1  1  OPEN    1*   1*   0.1  1*    /      
       PROD    1000    1  1  1  OPEN    1*   1*   0.1  1*    / 
        
       
  / 
  
-- PRODUCTION WELL CONTROLS 
-- 
--      WELL      OPEN/  CNTL   OIL  WATER   GAS  LIQU   RES   BHP 
--      NAME      SHUT   MODE  RATE   RATE  RATE  RATE  RATE 
WCONPROD 
        PROD      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
/ 
 
-- INJECTION WELL CONTROLS 
WCONINJE 
'INJE'  'GAS' 'OPEN' 'RESV' 1* 60.0 / 
/ 
DATES 
7  JUN  2013 00:01:00/ 
7  JUN  2013 20:00:00/ 
/ 
 
 
END      ============================================================== 
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Appendix C; 2-D Model Base Case - Self Explanatory 
 
 
-- 2-D Coreflooding Model  
RUNSPEC 
TITLE 
GRAVITY_EFFECT 
  
DIMENS 
-- Number of cells in  
-- X          Y       Z 
   1002       1       10  / 
 
TABDIMS 
-- num    num  max  max     max     MAX  
-- sat    pvt  sat press    fip      RS 
-- tab    tab  nodes nodes regions   NODES 
-- NTSFUN  
    3      1  100 100 100 100 
--50   50      1*        20/ 
/ 
 
-- phases present  
 
GAS 
  
WATER 
  
-- LAB units 
LAB 
  
IMPLICIT 
 
 
WELLDIMS 
-- max    max max    max 
-- wells conn groups wells/gr 
  20     10   2  20 
/ 
 
 
  
START 
   7  JUN  2013  / 7  JUN  2013 00:00:00 
  
UNIFOUT 
 
  
GRID     =============================================================== 
-------- IN THIS SECTION , THE GEOMETRY OF THE SIMULATION GRID AND THE 
-------- ROCK PERMEABILITIES AND POROSITIES ARE DEFINED. 
------------------------------------------------------------------------ 
--Turn off writing og data to report file 
NOECHO  
-- Each grid element has dimensions 15cm x 5.0cm x 5.0cm 
 
DX 
10020*0.015 
/ 
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DY 
10020*5 
/ 
 
DZ 
10020*0.5 
/ 
 
-- PERMEABILITIES 
-- Homogeneous isotrpic reservoir 
-- Average permeability 430 mD 
 
  
PERMX 
 10020*430 
/ 
  
PERMY 
 10020*430 
/ 
  
PERMZ 
 10020*430 
/ 
 
-- POROSITY 
-- Homogeneous reservoir  
-- Average porosity 20% 
  
PORO 
 10020*0.203 
/ 
  
TOPS 
 1002*1000.0 
1002*1000.5 
1002*1001.0 
1002*1001.5 
1002*1002.0 
1002*1002.5 
1002*1003.0 
1002*1003.5 
1002*1004.0 
1002*1004.5 
/ 
 
INIT 
 
-- Turn report writing back on 
ECHO 
 
PROPS    =============================================================== 
-------- THE PROPS SECTION DEFINES THE REL. PERMEABILITIES, CAPILLARY 
-------- PRESSURES, AND THE PVT PROPERTIES OF THE RESERVOIR FLUIDS 
---------------------------------------------------------------------- 
-- WATER RELATIVE PERMEABILITY ARE TABULATED AS 
-- A FUNCTION OF WATER SATURATION. 
-- Berea Sandstone relative permeability data  
--  SG   KRG KRW   PCOW 
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SGWFN 
 
0 0 1 0 
0.05 0.000177313 0.706863695 0.017901832 
0.1 0.001418502 0.489127981 0.024163664 
0.14 0.00389237 0.358119146 0.027886986 
0.19 0.009729506 0.236727221 0.031717639 
0.24 0.019609373 0.151753983 0.034989864 
0.29 0.034595847 0.093878785 0.03792333 
0.34 0.055752806 0.055697551 0.040676 
0.39 0.084144125 0.031439815 0.043393669 
0.44 0.120833682 0.016708407 0.046244494 
0.49 0.166885352 0.008241759 0.04945967 
0.54 0.223363013 0.003698863 0.053400635 
0.59 0.291330541 0.001466856 0.058691163 
0.64 0.371851812 0.000491247 0.066507726 
0.69 0.465990703 0.000128777 0.079289208 
0.74 0.574811091 2.29E-05 0.102704568 
0.79 0.699376852 2.01E-06 0.152092394 
0.84 0.840751863 3.14E-08 0.279152176 / End of table 01 
 
0 0 1 0 
0.05 0.000177313 0.706863695 0.017901832 
0.1 0.001418502 0.489127981 0.024163664 
0.14 0.00389237 0.358119146 0.027886986 
0.19 0.009729506 0.236727221 0.031717639 
0.24 0.019609373 0.151753983 0.034989864 
0.29 0.034595847 0.093878785 0.03792333 
0.34 0.055752806 0.055697551 0.040676 
0.39 0.084144125 0.031439815 0.043393669 
0.44 0.120833682 0.016708407 0.046244494 
0.49 0.166885352 0.008241759 0.04945967 
0.54 0.223363013 0.003698863 0.053400635 
0.59 0.291330541 0.001466856 0.058691163 
0.64 0.371851812 0.000491247 0.066507726 
0.69 0.465990703 0.000128777 0.079289208 
0.74 0.574811091 2.29E-05 0.102704568 
0.79 0.699376852 2.01E-06 0.152092394 
0.84 0.840751863 3.14E-08 0.279152176 / End of table 02 
 
0 0 1 0.00881 
0.05 0.000177313 0.706863695 0.00881 
0.1 0.001418502 0.489127981 0.00881 
0.14 0.00389237 0.358119146 0.00881 
0.19 0.009729506 0.236727221 0.00881 
0.24 0.019609373 0.151753983 0.00881 
0.29 0.034595847 0.093878785 0.00881 
0.34 0.055752806 0.055697551 0.00881 
0.39 0.084144125 0.031439815 0.00881 
0.44 0.120833682 0.016708407 0.00881 
0.49 0.166885352 0.008241759 0.00881 
0.54 0.223363013 0.003698863 0.00881 
0.59 0.291330541 0.001466856 0.00881 
0.64 0.371851812 0.000491247 0.00881 
0.69 0.465990703 0.000128777 0.00881 
0.74 0.574811091 2.29E-05 0.00881 
0.79 0.699376852 2.01E-06 0.00881 
0.84 0.840751863 3.14E-08 0.00881 / End of table 03  
 ----------------------------------------------------------------------- 
-- PVT DATA Generated from Eclipse PVT Program 
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-- ECLIPSE 100 DENSITY data 
-- Surface densities of Oil, Water and Gas: 
DENSITY 
-- Brine composition: Na 3,958ppm, Cl 6,109ppm; TDS= 10,067ppm  
-- Brine density: 0.993 g/cc at 50C 
-- Density values are at surface conditions 
--  OIL        WATER            GAS           
--  g/cc           g/cc       
     52.0000        0.993           1.8475E-03  
/ 
  
   
PVZG 
-- 
50/ 
 
-- Pressure     Z    VISC 
-- ATMOS             CPOISE 
 
0.999999901 0.98905 0.016134 
1.012287095 0.988977 0.016134075 
1.024574288 0.988901 0.01613415 
1.036861482 0.98883 0.016134225 
1.049148675 0.988758 0.0161343 
1.061435869 0.988683 0.016134375 
1.073723062 0.988608 0.01613445 
1.086010256 0.98854 0.016134525 
1.098297449 0.988468 0.0161346 
1.110584642 0.988388 0.016134675 
1.122871836 0.988318 0.01613475 
1.135159029 0.988249 0.016134825 
1.147446223 0.988172 0.0161349 
1.159733416 0.988097 0.016134975 
1.17202061 0.988023 0.01613505 
1.184307803 0.987951 0.016135125 
98.69231693 0.978052 0.028368 
118.44         0.39616         0.03962 
122.37847299    0.390152        0.046086 
138.18         0.36612         0.0509 
/ 
 
  
PVTW 
-- Bw is calulated based on P & T    
--     Pref                 Bw                            Cw                                   Vw            Cvw 
--  ATMOS                RCC/SCC                         1/ATMOS                             CPOISE          1/BARS 
       1                 1.0111                        4.57493e-007                           0.549            0 
 / 
  
  
-- ROCK COMPRESSIBILITY 
--    REF. PRES   COMPRESSIBILITY 
ROCK 
         1          4.35E-7   / 
 
-- END PVT DATA 
----------------------------------------------------------------------- 
 
REGIONS  =============================================================== 
-------- THE REGIONS SECTION DEFINES HOW THE RESERVOIR IS SPLIT INTO 
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-------- REGIONS BY SATURATION FUNCTION, PVT FUNCTION, FLUID IN PLACE 
-------- REGION ETC. 
------------------------------------------------------------------------ 
SATNUM 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 
1*1 1000*2 1*3 / 
 
  
SOLUTION =============================================================== 
-------- THE SOLUTION SECTION DEFINES THE INITIAL STATE OF THE SOLUTION 
-------- VARIABLES (PHASE PRESSURES, SATURATIONS AND GAS-OIL RATIOS) 
------------------------------------------------------------------------ 
-- DATA FOR INITIALISING FLUIDS TO POTENTIAL EQUILIBRIUM 
-- GWC Depth is an arbitrary value above the core depth; since initially the core is assumed to be brine saturated 
-- N Integer = 0; the fluid saturations in each cell according to the value at the center of the cell (see Eclipse Ref. P.782)  
-- Initialization type; is set to be 1; no gas-oil contact in the reservoir (see Eclipse Ref. P.783) 
--     1           2         3      4      5      6           7        8        9        10      11 
--    DATUM       DATUM     OWC    OWC    GOC    GOC         BLOIL   BLOIL      N        INIT   SOLN 
--    DEPTH       PRESS     DEPTH   PCOW  DEPTH   PCOG        ONLY     ONLY     INTEGER   TYPE   METH 
PRESSURE 
10020*122.37847299/ 
 
SWAT 
10020*1 
/ 
RPTSOL 
SWAT SGAS/ 
 
RPTRST 
BASIC=2 / 
 
SUMMARY ================================================================ 
-------- THIS SECTION SPECIFIES DATA TO BE WRITTEN TO THE SUMMARY FILES 
-------- AND WHICH MAY LATER BE USED WITH THE ECLIPSE GRAPHICS PACKAGE 
------------------------------------------------------------------------ 
DATE 
 
FWSAT 
 
FWIP 
 
FPR 
 
FGIR 
 
FGPR 
 
FWPR 
 
FWCT 
 
FGSAT 
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FWSAT 
 
FWPT 
 
FGIT 
/ 
 
BGSAT 
1 1 1/ 
10 1 1/ 
20 1 1/ 
30 1 1/ 
40 1 1/ 
50 1 1/ 
60 1 1/ 
70 1 1/ 
80 1 1/ 
90 1 1/ 
100 1 1/ 
150 1 1/ 
200 1 1/ 
210 1 1/ 
220 1 1/ 
230 1 1/ 
240 1 1/ 
250 1 1/ 
300 1 1/ 
350 1 1/ 
400 1 1/ 
410 1 1/ 
420 1 1/ 
430 1 1/ 
440 1 1/ 
450 1 1/ 
460 1 1/ 
470 1 1/ 
480 1 1/ 
490 1 1/ 
500 1 1/ 
550 1 1/ 
600 1 1/ 
610 1 1/ 
620 1 1/ 
630 1 1/ 
640 1 1/ 
650 1 1/ 
660 1 1/ 
670 1 1/ 
680 1 1/ 
690 1 1/ 
700 1 1/ 
750 1 1/ 
800 1 1/ 
850 1 1/ 
900 1 1/ 
950 1 1/ 
960 1 1/ 
970 1 1/ 
980 1 1/ 
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990 1 1/ 
1000 1 1/ 
-- 
1 1 2/ 
10 1 2/ 
20 1 2/ 
30 1 2/ 
40 1 2/ 
50 1 2/ 
60 1 2/ 
70 1 2/ 
80 1 2/ 
90 1 2/ 
100 1 2/ 
150 1 2/ 
200 1 2/ 
210 1 2/ 
220 1 2/ 
230 1 2/ 
240 1 2/ 
250 1 2/ 
300 1 2/ 
350 1 2/ 
400 1 2/ 
410 1 2/ 
420 1 2/ 
430 1 2/ 
440 1 2/ 
450 1 2/ 
460 1 2/ 
470 1 2/ 
480 1 2/ 
490 1 2/ 
500 1 2/ 
550 1 2/ 
600 1 2/ 
610 1 2/ 
620 1 2/ 
630 1 2/ 
640 1 2/ 
650 1 2/ 
660 1 2/ 
670 1 2/ 
680 1 2/ 
690 1 2/ 
700 1 2/ 
750 1 2/ 
800 1 2/ 
850 1 2/ 
900 1 2/ 
950 1 2/ 
960 1 2/ 
970 1 2/ 
980 1 2/ 
990 1 2/ 
1000 1 2/ 
-- 
1 1 3/ 
10 1 3/ 
20 1 3/ 
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30 1 3/ 
40 1 3/ 
50 1 3/ 
60 1 3/ 
70 1 3/ 
80 1 3/ 
90 1 3/ 
100 1 3/ 
150 1 3/ 
200 1 3/ 
210 1 3/ 
220 1 3/ 
230 1 3/ 
240 1 3/ 
250 1 3/ 
300 1 3/ 
350 1 3/ 
400 1 3/ 
410 1 3/ 
420 1 3/ 
430 1 3/ 
440 1 3/ 
450 1 3/ 
460 1 3/ 
470 1 3/ 
480 1 3/ 
490 1 3/ 
500 1 3/ 
550 1 3/ 
600 1 3/ 
610 1 3/ 
620 1 3/ 
630 1 3/ 
640 1 3/ 
650 1 3/ 
660 1 3/ 
670 1 3/ 
680 1 3/ 
690 1 3/ 
700 1 3/ 
750 1 3/ 
800 1 3/ 
850 1 3/ 
900 1 3/ 
950 1 3/ 
960 1 3/ 
970 1 3/ 
980 1 3/ 
990 1 3/ 
1000 1 3/ 
-- 
1 1 4/ 
10 1 4/ 
20 1 4/ 
30 1 4/ 
40 1 4/ 
50 1 4/ 
60 1 4/ 
70 1 4/ 
80 1 4/ 
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90 1 4/ 
100 1 4/ 
150 1 4/ 
200 1 4/ 
210 1 4/ 
220 1 4/ 
230 1 4/ 
240 1 4/ 
250 1 4/ 
300 1 4/ 
350 1 4/ 
400 1 4/ 
410 1 4/ 
420 1 4/ 
430 1 4/ 
440 1 4/ 
450 1 4/ 
460 1 4/ 
470 1 4/ 
480 1 4/ 
490 1 4/ 
500 1 4/ 
550 1 4/ 
600 1 4/ 
610 1 4/ 
620 1 4/ 
630 1 4/ 
640 1 4/ 
650 1 4/ 
660 1 4/ 
670 1 4/ 
680 1 4/ 
690 1 4/ 
700 1 4/ 
750 1 4/ 
800 1 4/ 
850 1 4/ 
900 1 4/ 
950 1 4/ 
960 1 4/ 
970 1 4/ 
980 1 4/ 
990 1 4/ 
1000 1 4/ 
-- 
1 1 5/ 
10 1 5/ 
20 1 5/ 
30 1 5/ 
40 1 5/ 
50 1 5/ 
60 1 5/ 
70 1 5/ 
80 1 5/ 
90 1 5/ 
100 1 5/ 
150 1 5/ 
200 1 5/ 
210 1 5/ 
220 1 5/ 
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230 1 5/ 
240 1 5/ 
250 1 5/ 
300 1 5/ 
350 1 5/ 
400 1 5/ 
410 1 5/ 
420 1 5/ 
430 1 5/ 
440 1 5/ 
450 1 5/ 
460 1 5/ 
470 1 5/ 
480 1 5/ 
490 1 5/ 
500 1 5/ 
550 1 5/ 
600 1 5/ 
610 1 5/ 
620 1 5/ 
630 1 5/ 
640 1 5/ 
650 1 5/ 
660 1 5/ 
670 1 5/ 
680 1 5/ 
690 1 5/ 
700 1 5/ 
750 1 5/ 
800 1 5/ 
850 1 5/ 
900 1 5/ 
950 1 5/ 
960 1 5/ 
970 1 5/ 
980 1 5/ 
990 1 5/ 
1000 1 5/ 
-- 
1 1 6 / 
10 1 6 / 
20 1 6 / 
30 1 6 / 
40 1 6 / 
50 1 6 / 
60 1 6 / 
70 1 6 / 
80 1 6 / 
90 1 6 / 
100 1 6 / 
150 1 6 / 
200 1 6 / 
210 1 6 / 
220 1 6 / 
230 1 6 / 
240 1 6 / 
250 1 6 / 
300 1 6 / 
350 1 6 / 
400 1 6 / 
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410 1 6 / 
420 1 6 / 
430 1 6 / 
440 1 6 / 
450 1 6 / 
460 1 6 / 
470 1 6 / 
480 1 6 / 
490 1 6 / 
500 1 6 / 
550 1 6 / 
600 1 6 / 
610 1 6 / 
620 1 6 / 
630 1 6 / 
640 1 6 / 
650 1 6 / 
660 1 6 / 
670 1 6 / 
680 1 6 / 
690 1 6 / 
700 1 6 / 
750 1 6 / 
800 1 6 / 
850 1 6 / 
900 1 6 / 
950 1 6 / 
960 1 6 / 
970 1 6 / 
980 1 6 / 
990 1 6 / 
1000 1 6 / 
 
-- 
1 1 7 / 
10 1 7 / 
20 1 7 / 
30 1 7 / 
40 1 7 / 
50 1 7 / 
60 1 7 / 
70 1 7 / 
80 1 7 / 
90 1 7 / 
100 1 7 / 
150 1 7 / 
200 1 7 / 
210 1 7 / 
220 1 7 / 
230 1 7 / 
240 1 7 / 
250 1 7 / 
300 1 7 / 
350 1 7 / 
400 1 7 / 
410 1 7 / 
420 1 7 / 
430 1 7 / 
440 1 7 / 
450 1 7 / 
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460 1 7 / 
470 1 7 / 
480 1 7 / 
490 1 7 / 
500 1 7 / 
550 1 7 / 
600 1 7 / 
610 1 7 / 
620 1 7 / 
630 1 7 / 
640 1 7 / 
650 1 7 / 
660 1 7 / 
670 1 7 / 
680 1 7 / 
690 1 7 / 
700 1 7 / 
750 1 7 / 
800 1 7 / 
850 1 7 / 
900 1 7 / 
950 1 7 / 
960 1 7 / 
970 1 7 / 
980 1 7 / 
990 1 7 / 
1000 1 7 / 
 
-- 
1 1 8 / 
10 1 8 / 
20 1 8 / 
30 1 8 / 
40 1 8 / 
50 1 8 / 
60 1 8 / 
70 1 8 / 
80 1 8 / 
90 1 8 / 
100 1 8 / 
150 1 8 / 
200 1 8 / 
210 1 8 / 
220 1 8 / 
230 1 8 / 
240 1 8 / 
250 1 8 / 
300 1 8 / 
350 1 8 / 
400 1 8 / 
410 1 8 / 
420 1 8 / 
430 1 8 / 
440 1 8 / 
450 1 8 / 
460 1 8 / 
470 1 8 / 
480 1 8 / 
490 1 8 / 
500 1 8 / 
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550 1 8 / 
600 1 8 / 
610 1 8 / 
620 1 8 / 
630 1 8 / 
640 1 8 / 
650 1 8 / 
660 1 8 / 
670 1 8 / 
680 1 8 / 
690 1 8 / 
700 1 8 / 
750 1 8 / 
800 1 8 / 
850 1 8 / 
900 1 8 / 
950 1 8 / 
960 1 8 / 
970 1 8 / 
980 1 8 / 
990 1 8 / 
1000 1 8 / 
 
-- 
1 1 9 / 
10 1 9 / 
20 1 9 / 
30 1 9 / 
40 1 9 / 
50 1 9 / 
60 1 9 / 
70 1 9 / 
80 1 9 / 
90 1 9 / 
100 1 9 / 
150 1 9 / 
200 1 9 / 
210 1 9 / 
220 1 9 / 
230 1 9 / 
240 1 9 / 
250 1 9 / 
300 1 9 / 
350 1 9 / 
400 1 9 / 
410 1 9 / 
420 1 9 / 
430 1 9 / 
440 1 9 / 
450 1 9 / 
460 1 9 / 
470 1 9 / 
480 1 9 / 
490 1 9 / 
500 1 9 / 
550 1 9 / 
600 1 9 / 
610 1 9 / 
620 1 9 / 
630 1 9 / 
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640 1 9 / 
650 1 9 / 
660 1 9 / 
670 1 9 / 
680 1 9 / 
690 1 9 / 
700 1 9 / 
750 1 9 / 
800 1 9 / 
850 1 9 / 
900 1 9 / 
950 1 9 / 
960 1 9 / 
970 1 9 / 
980 1 9 / 
990 1 9 / 
1000 1 9 / 
 
-- 
1 1 10 / 
10 1 10 / 
20 1 10 / 
30 1 10 / 
40 1 10 / 
50 1 10 / 
60 1 10 / 
70 1 10 / 
80 1 10 / 
90 1 10 / 
100 1 10 / 
150 1 10 / 
200 1 10 / 
210 1 10 / 
220 1 10 / 
230 1 10 / 
240 1 10 / 
250 1 10 / 
300 1 10 / 
350 1 10 / 
400 1 10 / 
410 1 10 / 
420 1 10 / 
430 1 10 / 
440 1 10 / 
450 1 10 / 
460 1 10 / 
470 1 10 / 
480 1 10 / 
490 1 10 / 
500 1 10 / 
550 1 10 / 
600 1 10 / 
610 1 10 / 
620 1 10 / 
630 1 10 / 
640 1 10 / 
650 1 10 / 
660 1 10 / 
670 1 10 / 
680 1 10 / 
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690 1 10 / 
700 1 10 / 
750 1 10 / 
800 1 10 / 
850 1 10 / 
900 1 10 / 
950 1 10 / 
960 1 10 / 
970 1 10 / 
980 1 10 / 
990 1 10 / 
1000 1 10 / 
 
 
/ 
 
BWSAT 
1 1 1/ 
1000 1 1/ 
/ 
 
BVWAT 
1 1 1/ 
1000 1 1/ 
/ 
 
BVGAS 
1 1 1/ 
1000 1 1/ 
/ 
 
BGSAT 
1 1 1/ 
1000 1 1/ 
/ 
  
SCHEDULE =============================================================== 
-------- THE SCHEDULE SECTION DEFINES THE OPERATIONS TO BE SIMULATED 
------------------------------------------------------------------------ 
-- CONTROLS ON OUTPUT AT EACH REPORT TIME 
RPTRST 
BASIC=2 / 
 
 
 
 
TUNING 
0.000035 0.000035 0.000017 0.000017/ 
0.01 0.001 1e-7 0.00001 50/ 
50 1 100000 1 8 8 1E6 0.01/ 
 
 
 
  
-- WELL SPECIFICATION DATA 
-- 
--   WELL     GROUP   LOCATION   BHP   PI 
--   NAME     NAME    I      J   DEPTH DEFN 
WELSPECS 
INJE1     G       1       1    1*     GAS / 
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INJE2     G       1       1    1*     GAS / 
INJE3     G       1       1    1*     GAS / 
INJE4     G       1       1    1*     GAS / 
INJE5     G       1       1    1*     GAS / 
INJE6     G       1       1    1*     GAS / 
INJE7     G       1       1    1*     GAS / 
INJE8     G       1       1    1*     GAS / 
INJE9     G       1       1    1*     GAS / 
INJE10    G       1       1    1*     GAS / 
PROD1     P       1002    1    1*     WAT /  
PROD2     P       1002    1    1*     WAT /  
PROD3     P       1002    1    1*     WAT /  
PROD4     P       1002    1    1*     WAT /  
PROD5     P       1002    1    1*     WAT /  
PROD6     P       1002    1    1*     WAT /  
PROD7     P       1002    1    1*     WAT /  
PROD8     P       1002    1    1*     WAT /  
PROD9     P       1002    1    1*     WAT /  
PROD10    P       1002    1    1*     WAT /         
/ 
 
  
-- COMPLETION SPECIFICATION DATA 
-- 
--     WELL    -LOCATION-      OPEN/ SAT CONN   WELL EFF SKIN 
--     NAME    I    J K1 K2    SHUT  TAB FACT    ID  KH 
COMPDAT 
INJE1    1        1  1  1  OPEN    1*   1*   0.1  1*    /   
INJE2    1        1  2  2  OPEN    1*   1*   0.1  1*    /  
INJE3    1        1  3  3  OPEN    1*   1*   0.1  1*    /  
INJE4    1        1  4  4  OPEN    1*   1*   0.1  1*    /  
INJE5    1        1  5  5  OPEN    1*   1*   0.1  1*    /  
INJE6    1        1  6  6  OPEN    1*   1*   0.1  1*    /  
INJE7    1        1  7  7  OPEN    1*   1*   0.1  1*    /  
INJE8    1        1  8  8  OPEN    1*   1*   0.1  1*    /  
INJE9    1        1  9  9  OPEN    1*   1*   0.1  1*    /  
INJE10   1        1  10  10  OPEN    1*   1*   0.1  1*  /  
 
PROD1    1002     1  1  1  OPEN    1*   1*   0.1  1*    / 
PROD2    1002     1  2  2  OPEN    1*   1*   0.1  1*    / 
PROD3    1002     1  3  3  OPEN    1*   1*   0.1  1*    / 
PROD4    1002     1  4  4  OPEN    1*   1*   0.1  1*    / 
PROD5    1002     1  5  5  OPEN    1*   1*   0.1  1*    / 
PROD6    1002     1  6  6  OPEN    1*   1*   0.1  1*    / 
PROD7    1002     1  7  7  OPEN    1*   1*   0.1  1*    / 
PROD8    1002     1  8  8  OPEN    1*   1*   0.1  1*    / 
PROD9    1002     1  9  9  OPEN    1*   1*   0.1  1*    / 
PROD10   1002     1  10  10  OPEN    1*   1*   0.1  1*  /        
       
  / 
  
-- PRODUCTION WELL CONTROLS 
-- 
--      WELL      OPEN/  CNTL   OIL  WATER   GAS  LIQU   RES   BHP 
--      NAME      SHUT   MODE  RATE   RATE  RATE  RATE  RATE 
WCONPROD 
PROD1      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD2      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD3      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD4      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
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PROD5      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD6      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD7      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD8      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD9      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
PROD10      OPEN   BHP    1*   1*     1*    1*    1*     122.37847299 / 
/ 
 
-- INJECTION WELL CONTROLS 
WCONINJE 
'INJE1'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE2'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE3'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE4'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE5'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE6'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE7'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE8'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE9'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
'INJE10'  'GAS' 'OPEN' 'RESV' 1* 6.0 / 
 
/ 
DATES 
7  JUN  2013 00:01:00/ 
7  JUN  2013 20:00:00/ 
 
/ 
 
 
END      ============================================================== 
 
 
 
